Auxin is well known to be a key regulator that acts in almost all physiological processes during plant growth, and in interactions between plants and microbes. However, to date, the regulatory mechanisms underlying auxin-mediated plantarbuscular mycorrhizal (AM) fungi symbiosis have not been well deciphered. Previously we identified a GH3 gene, SlGH3.4, strongly responsive to both auxin induction and mycorrhizal symbiosis. Here, we reported a refined dissection of the SlGH3.4 promoter activity using the b-glucuronidase (GUS) reporter. The SlGH3.4 promoter could drive GUS expression strongly in mycorrhizal roots of soybean and rice plants, and in IAA-treated soybean roots, but not in IAAtreated rice roots. A promoter deletion assay revealed three cis-acting motifs, i.e. the auxin-responsive element, AuxRE, and two newly identified motifs named MYCRS1 and MYCRS2, involved in the activation of auxin-and AMmediated expression of SlGH3.4. Deletion of the AuxRE from the SlGH3.4 promoter caused almost complete abolition of GUS staining in response to external IAA induction. Seven repeats of AuxRE fused to the Cauliflower mosaic virus (CaMV) 35S minimal promoter could direct GUS expression in both IAA-treated and AM fungal-colonized roots of tobacco plants. Four repeats of MYCRS1 or MYCRS2 fused to the CaMV35S minimal promoter was sufficient to drive GUS expression in arbuscule-containing cells, but not in IAA-treated tobacco roots. In summary, our results offer new insights into the molecular mechanisms underlying the potential cross-talk between the auxin and the AM regulatory pathways in modulating the expression of AM-responsive GH3 genes in diverse mycorrhizal plants.
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Introduction
In natural ecosystems, many terrestrial plants are able to establish intracellular interactions with beneficial microbes to enhance their adaptation to nutrient-poor soils. The association between arbuscular mycorrhizal (AM) fungi and >80% of land plants represents one of the most widespread reciprocal symbioses between the plant roots and microbes (Smith et al. 2011) . AM symbiosis originated approximately 400 million years ago and is thought to have played an important role in driving evolutionary novelty that allows plants to increase fitness in response to diverse environmental challenges (Parniske 2008) . The most typical feature of the interactions between plant roots and AM fungi is the formation of highly ramified tree-like structures in cortical cells termed arbuscules, which are the major sites for bidirectional exchange of nutrients and metabolites between the two partners (Kiers et al. 2011 , Oldroyd et al. 2013 . The development of arbuscules depends, to a great extent, on active responses of plants to infection by AM fungi by reorganizing both their cellular architecture and transcriptional program (Fiorilli et al. 2009 , Guether et al. 2009 , Gaude et al. 2012 , Bonneau et al. 2013 . Multiple genes have been characterized as being expressed abundantly and even specifically in the arbuscule-containing cells and perform important roles in modulating AM symbiosis and arbuscule development (Javot et al. 2007 , Kobae et al. 2010 , Kretzschmar et al. 2012 , Yang et al. 2012 .
The formation of AM symbiosis is controlled by both AM fungi and the host plants, which requires a continuous signal exchange between the two partners (Gutjahr and Parniske 2013) . Plant hormones are well recognized as key regulators that function in all physiological processes during plant growth and development. It has recently become more evident that most of the phytohormones identified so far, such as strigolactones, gibberellins, auxin and ABA, are also essential for AM symbiosis (Herrera-Medina et al. 2007 , Charpentier et al. 2014 , Pozo et al. 2015 , Takeda et al. 2015 . For example, an auxin-deficient pea mutant, bsh, showed significant reduction in not only mycorrhizal colonization, but also strigolactone exudation (Foo 2013) . A remarkable decrease of AM colonization could also be observed in two tomato auxin-related mutants, dgt, an auxin-resistant mutant, and pct, an auxinhypertransporting mutant (Hanlon and Coenen 2011) . Increasing gibberellin signaling in plants by either exogenous application of gibberellic acid (GA 3 ) or manipulating the expression of DELLA proteins, the gibberellin signaling repressor, significantly suppressed arbuscule formation in several plant species, including Medicago, pea and rice (Floss et al. 2013 , Yu et al. 2014 . These findings highlighted the important roles of plant hormones in controlling AM symbiosis.
Although multiple genes associated with phytohormone signaling pathways have been shown to be involved in AM formation (Kameoka et al. 2013 , Charpentier et al. 2014 , Etemadi et al. 2014 , the molecular mechanisms underlying the phytohormone-mediated AM symbiotic interactions are still in the early stages of being well deciphered. Identification and characterization of the genes in response to both phytohormone induction and AM symbiosis should be one of the effective shortcuts towards better understanding of the potential coordination between the AM-and phytohormone-mediated signaling pathways during the establishment of AM symbiosis. Recently, based on the analysis of six auxin-responsive GH3 family genes, we revealed a member, SlGH3.4, strongly responsive to both external IAA supply and AM fungal colonization. The promoter of SlGH3.4 could drive both IAA-and AMinduced expression of the b-glucuronidase (GUS) reporter in transgenic tobacco roots (Liao et al. 2015) .
Multiple transcription factors, such as Dellas, DIP1, NSP1, NSP2, RAM1 and RAD1, have been reported to be involved in the control of AM symbiosis (Liu et al. 2011 , Gobbato et al. 2012 , Yu et al. 2014 , Xue et al. 2015 ; however, to date, only a few cis-regulatory elements have been reported to be essential for AM-specific gene expression (Chen et al. 2011 , Takeda et al. 2011 . Since the regulation of SlGH3.4 is highly specific to both auxin induction and AM symbiosis (Liao et al. 2015) , the responsible cis-acting elements in its promoter are therefore useful tools for the analysis of the auxin-mediated mycorrhizal signaling mechanisms. The aim of this study was to identify the auxin-and AM-responsive cis-regulatory regions in the SlGH3.4 promoter, thus facilitating the isolation of the transcription factor(s) responsible for AM-activated genes in future work. Fine analysis of the SlGH3.4 promoter by successive truncation and targeted deletion fusion to a GUS reporter led to the identification of three conserved cis-regulatory motifs, the auxin-responsive element (AuxRE) and two novel motifs designated MYCRS1 and MYCRS2 (mycorrhiza-responsive sequence), all of which are required for maintaining the high-level expression of SlGH3.4 in mycorrhizal roots.
Results
The SlGH3.4 promoter could drive AM-induced expression in mycorrhizal roots of transgenic tobacco, soybean and rice plants
We have previously identified a GH3 family gene, SlGH3.4, that showed strong induction in reponse to both external IAA application and AM fungal colonization in tomato. The SlGH3.4 promoter was able to drive GUS expression strongly in tobacco mycorrhizal roots (Fig. 1A) , especially in cortical cells containing arbuscules (Liao et al. 2015) . It has been revealed by microarray data that some GH3 homologs from other plant species, such as Medicago and rice, also showed increased expression in response to AM symbiosis (Güimil et al. 2005 , Gaude et al. 2012 . To determine whether the SlGH3.4 promoter could direct the AM-mediated expression in other mycorrhizal plant species, a 2,258 bp SlGH3.4 promoter fragment upstream of the start codon ATG was fused to the GUS reporter gene, and introduced into soybean hairy roots and rice plants. The independent transgenic lines were subsequently inoculated with Rhizophagus irregularis for 6 weeks. It was shown that GUS staining could be detected strongly in distinct areas of the mycorrhizal roots of both soybean and rice plants (Fig. 1B, C) . Co-localization of GUS expression and AM fungal structure by overlay of Magenta-GUS with Trypan Blue staining showed that GUS staining was predominantly confined to distinct cells containing arbuscules (Fig. 1D, E) . No GUS staining could be detected in non-inoculated roots of the soybean plants (Fig. 1F) .
The SlGH3.4 promoter could confer IAA-induced expression in the roots of transgenic tobacco and soybean plants, but not in rice plants
The SlGH3.4 promoter has been revealed to be capable of driving GUS expression strongly in IAA-treated tobacco roots (Liao et al. 2015) . To determine further whether the SlGH3.4 promoter also has the ability to direct the IAA-responsive expression in other eudicots and monocots, the roots of soybean and rice transgenic plants harboring the pSlGH3.4 -2258 -GUS chimeric gene were subsequently treated with application of 10 mM IAA. As observed in Fig. 2 , GUS activity was strongly detected in root tips of the transgenic soybean roots after being treated with IAA for 6 h ( Fig. 2A) , which is a common pattern of auxin activity in roots. To our surprise, no GUS staining could be detected in any tissue of the IAA-treated transgenic rice roots (Fig. 2B, C) . As auxin is a fundamental substance and key regulator functioning in almost all plant physiological and developmental processes, the regulatory mechanisms for the auxin response in plants is expected to be highly conserved across different species (Hayashi et al. 2012) . To exclude the possibility that the rice roots might be less sensitive to exogenous IAA application, we further treated the transgenic rice roots with four different concentrations (1, 10, 100 and 1,000 mM) of IAA, and examined the GUS activity at three time points (1, 6 and 12 h); GUS staining was still undetectable in any tissues of these IAA-treated transgenic rice roots at any of these time points (data not shown).
The auxin-responsive element (AuxRE) is involved in the regulation of SlGH3.4 expression in response to both IAA induction and AM fungal colonization Our previous study demonstrated that a truncated 654 bp SlGH3.4 promoter (pSlGH3.4 -654 ) upstream of the start codon ATG was unable to drive IAA-responsive GUS expression, but maintained the AM-induced activity in transgenic tobacco mycorrhizal roots (Liao et al. 2015) . A conserved AuxRE, TGT CAC, was found to be located in the SlGH3.4 promoter. To determine whether the AuxRE in the SlGH3.4 promoter is required for conferring the IAA-and/or even AM-induced expression of SlGH3.4, we generated a series of constructs containing or lacking the AuxRE (Fig. 3A) , and introduced them into tobacco plants. Histochemical GUS staining revealed that deletion of the SlGH3.4 promoter down to -1,027 (pSlGH3.4 -1027 ) did not affect the GUS expression in response to AM fungal colonization and external IAA induction (Fig. 3B , C). Target deletion of AuxRE from pSlGH3.4 -1027 (pSlGH3.4 -1027-Aux ) was still sufficient to drive AM-activated GUS expression in mycorrhizal roots (Fig. 3D ), but caused almost complete absence of GUS staining in IAA-treated roots (Fig. 3E) . These findings suggest that the mycorrhizal regulatory pathway is at least partially independent of the auxin regulatory pathway in modulating the expression of SlGH3.4 in response to AM fungal colonization.
The GUS activity in mycorrhizal roots driven by pSlGH3.4 -1027-Aux was observably lower than that driven by pSlGH3.4 -1027 (Fig. 3F) , while the total AM colonization showed no signifcant difference (Fig. 3G) , which prompted us to speculate that the AuxRE from the SlGH3.4 promoter might have a positive effect on the expression of SlGH3.4 in mycorrhizal roots. To prove this hypothesis, seven tandem repeats of the AuxRE motif from the SlGH3.4 promoter were fused to a 35S minimal promoter upstream of the GUS reporter (Fig. 4A) , and introduced into tobacco plants. As observed, under normal growth conditions, GUS staining in the roots harboring the 7 Â AuxRE-GUS chimeric gene was almost completely undetectable (Fig. 4B, C) . However, GUS staining could be distinctly observed in root tips and steles of the IAA-treated roots (Fig. 4D, E) . In mycorrhizal roots, observable GUS staining could be detected in patches localized in the cortex (Fig. 4F) . Dual staining of the mycorrhizal roots with Magenta-GUS and Trypan Blue showed that the GUS expression in cortical cells was highly correlated with the presence of arbuscules (Fig. 4G) .
Two novel regulatory motifs designated MYCRS1 and MYCRS2 are responsible for the transcriptional activation of AM-mediated SlGH3.4 expression in mycorrhizal roots
As the promoter deletion fragment, pSlGH3.4 -1027-Aux , lacking the AuxRE was still sufficient to drive AM-induced activity in mycorrhizal roots (Fig. 3D) , it is suggestive of the presence of additional cis-regulatory element(s) responsible for conferring the AM-responsive expression in the SlGH3.4 promoter.
To screen for such motif(s), the functional promoter region (-654/-1) of SlGH3.4 was aligned with the other two promoter sequences of StGH3.4 and NbGH3.4, the two orthologous genes of SlGH3.4 from potato and tobacco, which led to the identification of five conserved regions within these promoters (Fig.  5A) . A series of 5 0 -end promoter deletions was further created. Histochemical staining for GUS activity revealed that a 434 bp truncated promoter fragment (pSlGH3.4 -434 ) was still sufficient to drive the AM-specific GUS expression in transgenic tobacco roots (Fig. 5B) . A further deletion of SlGH3.4 down to -330 upstream of the ATG start codon (pSlGH3.4 -330 ) resulted in almost the complete absence of GUS staining in all the transgenic mycorrhizal roots (Fig. 5C) .
To narrow down the putative regulatory region(s) further, four tandem repeats of these conserved regions (I-V) fused to the 35S minimal promoter upstream of the GUS gene were generated ( Supplementary Fig. S1 ) and transferred into tobacco plants. The independent transgenic lines were subsequently treated by either AM fungal colonization or external IAA supply. High levels of GUS staining could be detected only in mycorrhizal roots harboring the two conserved regions, III and IV (Supplementary Fig. S1 ). A combination of histochemical staining with Magenta-GUS and Trypan Blue revealed that the GUS activity was mainly confined to distinct cortical cells containing arbuscules (Fig. 5D, E) . No GUS staining was detectable in the IAA-treated transgenic roots of the plants harboring any of the two conserved regions (Fig. 5F, G) . To determine further whether either of the two conserved regions or both of them are required for AM fungal induction, another three constructs harboring the pSlGH3.4 -434 fragment lacking either MYCRS1 (pSlGH3.4 -434-III ), MYCRS2 (pSlGH3.4 -434-IV ), or both of them (pSlGH3.4 -434-III/IV ) were generated ( Supplementary  Fig. S2 ). Histochemical analysis revealed that after deletion of either of the two regions from pSlGH3.4 -434 it was still able to drive GUS reporter expression in tobacco mycorrhizal roots (Fig. 5H, I ), even though the GUS activity was significantly lower than that in the mycorrhizal roots harboring the pSlGH3.4 -434 fragment ( Supplementary Fig. S2 ). However, deletion of both the regions from pSlGH3.4 -434 (pSlGH3.4 -434-III/IV ) led to almost complete absence of GUS staining in the transgenic mycorrhizal roots (Fig. 5J) . These results highlight the specialized role of the two short conserved regions for the AM-mediated response of SlGH3.4 to AM fungal colonization. As no known AM-responsive motifs were contained in the two conserved regions (Chen et al. 2011 , Lota et al. 2013 , we designated the two cis-acting regions as MYCRS1 (mycorrhizaresponsive sequence) and MYCRS2 motifs, respectively. Consensus sequences with the two motifs were also found to exist in the promoter of soybean GmGH3.4 ( Supplementary  Fig. S3 ). 
Discussion

Conservation in AM-responsive expression of GH3 genes in diverse plant species
Arbuscular mycorrhiza is one of the oldest symbioses, formed by >80% of land plants, which attests to a remarkable selective advantage for both associated partners and the retention of common signaling regulatory pathways associated with AM symbiosis-responsive genes in diverse mycorrhizal plant species (Charpentier et al. 2014 ). Multiple types of homologous genes from diverse plant families have been revealed to be highly conserved in response to AM symbiosis (Kobae et al. 2010 , Chen et al. 2011 , Breuillin-Sessoms et al. 2015 . As regards GH3 family genes, besides the tomato SlGH3.4, several other GH3 homologs, from other plant species, such as Medicago and rice, have also been revealed to be up-regulated in mycorrhizal roots (Liao et al. 2015) . In this study, strong GUS staining directed by the promoter of SlGH3.4 could be detected not only in the mycorrhizal roots of transgenic tobacco and soybean plants, but also in the mycorrhizal roots of monocot rice plants (Fig. 1) . Such a case could also be observed from our previous study demonstrating that the promoter of SlHA8 encoding an AM-specific tomato plasma membrane H + -ATPase could direct GUS expression specifically in AM fungal-colonized cells of transgenic tobacco, soybean and rice mycorrhizal roots (Liu et al. 2016 ). These results thus lead to the suggestion that the regulatory pathways involved in the AMinduced regulation of GH3 genes or other family genes have evolved over a long period of time and might be highly conserved across diverse eudicots and monocots.
AuxRE has a contributing effect on SlGH3.4 expression in AM fungal-colonized cells It has been repeatedly demonstrated that the auxin concentration or response would be significantly increased in the AM fungal-colonized roots of multiple plant species, including soybean, maize, tomato, Medicago and rice (Jentschel et al. 2007 , Etemadi et al. 2014 . In this study, deletion of the AuxRE from pSlGH3.4 -1027 (pSlGH3.4 -1027-Aux ) caused almost complete abolition of the promoter activity in response to external IAA induction, but maintained the AM-induced activity in mycorrhizal roots (Fig. 3) . This finding lends cogent evidence to support our previous proposition that the strong activation of SlGH3.4 in response to AM symbiosis could not be attributed only to the possible elevation of auxin concentration in AM fungal-colonized roots, and an independent AM-mediated regulatory pathway might have evolved for modulating the specialized expression of SlGH3.4 in mycorrhizal roots. This hypothesis gains further indirect support from the analysis of SlGH3.4 promoter activity in transgenic rice plants revealing that the SlGH3.4 promoter was capable of driving strong expression of the GUS reporter in the AM fungal-colonized roots of rice plants, but not in the IAA-treated rice roots (Figs. 1, 2) .
It is worth noting that the SlGH3.4 promoter could drive the IAA-induced expression of the GUS reporter in the roots of tobacco (Liao et al. 2015) and soybean plants ( Fig. 2A) . Since AuxRE motifs exist widely in the promoters of many auxininduced genes, including SlGH3.4 and its orthologs from different plant species ( Supplementary Fig. S4 ), the auxin signaling pathway is commonly considered to be conserved across different plant families (Hayashi et al. 2012) . The undetectable GUS staining driven by the SlGH3.4 promoter in IAA-treated transgenic rice roots (Fig. 2B, C ) thus might be due to the inefficient recognition or binding of the AuxRE motif (or its flanking sequence) of the SlGH3.4 promoter by the rice ARF (auxin-responsive factor) transcription factor(s) (Hayashi et al. 2012) . A similar case could be observed from the dissection of the promoter activity of several AM-induced phosphate transporter (PT) genes reporting that the promoters of StPT3 and MtPT4 from potato and Medicago were able to direct the AMspecific GUS expression in several dicot species, while the promoter of rice OsPT11 had no activity in driving AM-responsive GUS expression in eudicots (Karandashov and Butcher 2005 , Chen et al. 2011 , Lota et al. 2013 .
A recent study demonstrated that DR5, a synthetic auxininducible promoter, was able to drive GUS expression in mycorrhizal roots of tomato, Medicago and rice plants, mainly in the cells containing arbuscules (Etemadi et al. 2014) , suggesting the significant elevation of the auxin response in arbuscule-containing cells, which thus might be able to trigger the transcriptional up-regulation of some auxin-responsive genes in these colonized cells. In our present study, we found that a seventandem repeat of the AuxRE from the SlGH3.4 promoter fused to the minimal 35S promoter was able to direct GUS expression not only in IAA-treated tobacco roots (Fig. 4D, E) , but also in arbuscule-containing cortical cells (Fig. 4F, G) . These findings suggest that the AuxRE is not only required for controlling the activation of SlGH3.4 in response to external IAA induction, but also has a contributing effect on SlGH3.4 expression in response to the auxin elevation in AM fungal-colonized cells. In consideration of the close relationships between auxin response and plant-AM fungi interactions, and that SlGH3.4 was shown to be involved in cellular auxin homeostasis (Liao et al. 2015) , it seems reasonable for AuxRE to be involved in the transcriptional modulation of SlGH3.4 expression in mycorrhizal roots, through the auxin regulatory pathway.
MYCRS1 and MYCRS2 are two novel motifs involved in the regulation of AM-mediated expression of SlGH3.4
Recently, a number of AM-responsive genes, including multiple transcription factors, have been identified and functionally studied, whereas few experimentally verified cis-acting elements associated with expression of these AM-regulated genes have been isolated thus far (Xue et al. 2015 ). Previously we have identified a conserved cis-acting element, MYCS/CTTC, essential for conferring the AM-induced phosphate transporters from eudicot species (Chen et al. 2011 , Lota et al. 2013 . Another study based on dissecting the promoter activity of an AM-induced subtilase gene SbtM1 revealed three promoter Regions, I, II and III, involved in the regulation of SbtM1 expression in mycorrhizal roots. Two (Region I and II) of the three cis regions were proven to be necessary for AM-induced expression of SbtM1, whereas Region III was demonstrated to have a positive role in AM responsiveness (Takeda et al. 2011) . In our present study, in addition to the AuxRE, we also identified two other promoter regions (III and IV), designated MYCRS1 and 2, essential for governing the AM-activated expression of SlGH3.4. Each of the two motifs, on its own, was sufficient to confer AM responsiveness in arbuscule-containing cells (Fig. 5D, E) , suggesting the presence of potential functional redundancy between the two cis-acting motifs, which would ensure the AM-dependent expression of SlGH3.4 was relatively insensitive to mutations. As MYCRS1 and 2 did not show significant similarity to known AM-related elements from other AM-induced genes, it is tempting to speculate that different AM-mediated regulatory pathways involving various transcription factors might have evolved to modulate different AM-activated genes during the establishment of AM symbiosis. It should be noted that the regulatory network leading to the auxin-and AM-responsive expression might well be more complex; we could not rule out the possibility of the presence of some other positive or even negative cis-regulatory elements involved in the modulation of SlGH3.4 expression in mycorrhizal roots.
Taken together, in the present work, through a series of promoter truncation/deletion analyses, we identified three cis-regulatory motifs, the conserved AuxRE and two novel motifs named MYCRS1 and MYCRS2, that are involved in the regulation of auxin-and AM-mediated expression of SlGH3.4 ( Supplementary Fig. S5 ). The AM-specific expression of the GUS reporter driven by the SlGH3.4 promoter in mycorrhizal roots of not only the eudicot tobacco and soybean plants, but also the monocot rice plants, provided strong evidence of the evolutionary conservation of a potential AM-responsive regulatory pathway shared by diverse plant species. In consideration of the complexity of the mechanisms underlying the phytohormone-mediated AM symbiotic interactions, the work presented here offers new insights into the potential crosstalk between the auxin and AM-mediated regulatory pathways. Further work on the isolation and functional dissection of the potential proteins recognizing these motifs would be an important step towards better understanding of the evolution of auxin-mediated regulation during the establishment of AM symbiosis.
Materials and Methods
Plant materials and cultivation conditions
Tobacco (Nicotiana tabacum L. cv. Yunyan), soybean (Glycine max L. cv. Williams 82) and rice (Oryza sativa L. cv. Nipponbare) were used in this study. Transgenic plant seedlings (tobacco, soybean and rice) were grown in a growth chamber with a 16 h light period at 28 C and an 8 h dark period at 20 C. For AM fungi inoculation, the transgenic plantlets were transplanted to 3 dm 3 pots filled with sterilized sand. Each pot contains two plantlets. Each plantlet was inoculated with approximately 200 spores of R. irregularis around the roots. The plant seedlings were irrigated with solution containing essential nutrients as described previously (Chen et al. 2007 ). The plants were harvested at 6 weeks after inoculation of AM fungi for GUS activity analysis.
For exogenous auxin treatments, the transgenic tobacco and soybean plants were cultured for 6 h with their roots immerged in a solution containing essential nutrients and 10 mM IAA. The roots of the transgenic rice seedlings were treated in a solution containing four different concentrations (1, 10, 100 and 1,000 mM) of IAA, and the GUS staining was examined at three time points (1, 6 and 12 h).
Construction of the binary vector
A series of promoter deletions of SlGH3.4 immediately upstream of the translation start ATG were cloned and introduced into the binary vector, pBI121 (Chen et al. 2003) , to replace the Cauliflower mosaic virus (CaMV) 35S promoter in front of the GUS reporter gene. According to the length of different promoter fragments, the resulting gene constructs were designated as pSlGH3.4 -n respectively. To generate the AuxRE-GUS constructs, seven tandem repeats (7Â) of the AuxRE motif (TTTTGTCACTCT) from the SlGH3.4 promoter was cloned and inserted into the 35S min-LUC vector (Konishi and Yanagisawa 2010) . After digestion with the two restriction enzymes, HindIII and BamHI, the fragment containing the 7 Â AuxRE motif fusion to the CaMV35S minimal promoter was cloned into the binary vector, pBI121, to replace the CaMV35S promoter. The GUS constructs containing the five conserved regiond (I-V) were generated using the same strategy. These new derived binary vectors were introduced into Agrobacterium tumefaciens strain EHA105 for transformation of tobacco or rice plants, or introduced into A. rhizogenes strain K599 for transformation of soybean hairy roots.
Plant transformation
Agrobacterium-mediated transformation of tobacco plants was performed using the leaf disk infection method (Horsch et al. 1985) . The transformation of rice plants was carried out as described previously (Upadhyaya et al. 2000) . The transformation of soybean hairy roots was carried out as described by Guo et al. (2011) . The transgenic plants/roots were first selected by the addition of 100 mg l -1 kanamycin (for tobacco and soybean) or geneticin G418 (for rice) in the culture medium and further screened by using PCR assay. The DNA from the roots with or without GUS staining was extracted and used for PCR analysis to distinguish the non-inoculated transgenic roots from non-transgenic roots of soybean plants.
Detection of mycorrhizal colonization
Root segments were treated with 10% (w/v) KOH heated to 90 C for 1 h and then treated further with 2% HCl solution for 5 min. The root samples were then stained with Trypan Blue and examined by a binocular microscope for mycorrhizal fungal colonization. The percentages of AM colonization were evaluated using the magnified line intersect method (Trouvelot et al. 1986 ).
Histochemical GUS assays
Histochemical staining of the fresh transgenic root samples for GUS activity was performed as described previously (Chen et al. 2011) . For clear visualization of fungal structures, the Magenta-GUS-stained root segments were counterstained for 1-2 h at 90 C with 0.3% Trypan Blue. The dual label of Magenta-GUS and Trypan Blue stains in mycorrhizal roots was indicated by purple staining. The stained root segments were then rinsed in 50% glycerol to remove excess stain before being photographed. For each construct, three independent experiments, each with 12-20 individual plants, were used for GUS histochemical staining.
The GUS enzymatic activity assay was performed as described previously by Chen et al. (2011) . Protein concentrations were determined using the G250-based colorimetric method. The 4-methylumbelliferone fluorescence intensity was measured by a universal Microplate spectrometer (Spectra-Max M5). Six biological replicates were used for statistical analysis of GUS enzymatic activity.
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